strong coupling between single photons, 3 and stopping and slowing down light 4 holds much promise for both enhancing the fundamental understanding and applications for controlled photonic interaction in integrated photonic circuits. [5] [6] [7] In this letter, we present measurements on the dispersive phase response of an optical waveguide-resonator system. Laser light traversing the micron-sized waveguide undergoes a strong phase shift due to coherent interference with high-Q ͑ϳ10 5 ͒ whispering-gallery modes ͑WGMs͒ supported by a microdisk resonator. The resulting group delay becomes either positive or negative within the coupling bandwidths with a large chromatic dispersion near the WGM resonances. In our system, such group delay modification arises in the all-optical and linear regime; this phenomenon has also been extensively studied in various media exploiting absorption, 8 nonlinearity, 9 and gain. 10 The coupling regime and corresponding phase response investigated here can be of particular importance for the control of single photon transfer 11 via waveguide-resonator systems, and to perform phasesensitive studies of the interaction between single photons 12 through a waveguide and interactions between atoms 13 or quantum dots 14, 15 ͑QDs͒ embedded in microresonators. Our experimental scheme is based on evanescent light coupling from a tapered fiber into high-Q semiconductor microdisk resonators. This coupling scheme has been used to assess optical loss of ultrahigh-Q microsphere cavities 16 and microdisk resonators 17 and to reveal mechanical oscillations induced by radiation pressure. 18 It has also been applied to probe tailored dispersion in photonic crystal structures. 19 The essential component in our experiment is a high-Q, 3 m radius GaAs microdisk fabricated by electron-beam lithography, a resist-reflow technique, 14 and wet chemical etching with HBr. 12 The structural quality of the microdisks can be seen in Fig. 1 . The sidewall quality ͑smoothness͒ of the microdisks is very good with sidewalls having a tilt angle less than 3°. For evanescent coupling, light from a tunable laser source ͑Agilent 81640A͒ is launched into a single mode fiber ͑SMF-28, Thorlabs͒, with the middle section which is tapered to about 1 m in diameter. The tapered region is coupled to a microdisk by using a piezostage with a spatial precision of ϳ50 nm. At a fixed coupling position, we collect the power transmitted through the fiber as a function of tuning wavelength with a wavelength domain component analyzer ͑Agilent 86082A͒. The same scheme is utilized for The evanescent light coupling gives rise to several dips at the WGM wavelengths in the transmission spectrum. An experimental ͑or loaded͒ Q factor of a WGM is given by the ratio of a center wavelength ͑ WGM ͒ to the full-width-at-halfmaximum ͑FWHM͒ linewidth ͑␦͒. Initially, we measure the transmission signal over a spectral range of ϳ50 nm to find the lowest radial-order WGMs which have the highest Q factors. Then the transmission characteristics are examined in detail at frequencies close to these WGMs. The loaded Q factor depends on the experimental conditions such as the fiber-to-microdisk gap and the laser power transmitted through the tapered fiber. The WGM wavelength ͑ WGM ͒ also changes depending on these factors. Typically, we observe that the WGM blueshifts of ϳ0.5 nm when the gap is increased from 0 ͑contact mode͒ to 1 m ͑or larger͒; which is in agreement with three-dimensional finite difference time domain simulation ͑ϳ1 nm͒. The WGM resonances experience a redshift with the increase of incident laser power to the fiber.
The substantial changes in the WGM wavelength, spectral profile, and linewidth are shown in Fig. 2͑a͒ . In this figure, the fiber-to-microdisk distance is fixed to about 100 nm and the laser power is changed from 40 W to 3 mW. Initially, a doublet structure is observed in the transmission signal at the lowest laser power of 40 W. This doublet feature is preserved until the laser power is increased to 200 W. Above this level, a significant line broadening and a red shift of 0.4 nm are observed at the incident power of 3 mW. Furthermore, the line shape becomes asymmetric with a long tail extending toward the shorter wavelengths. These behaviors seem to implicate nonlinear absorption for line broadening as well as optical bistability for resonance frequency shift, as it has been reported in silicon ͑Si͒ photonic crystal microresonators. 22 In comparison to Si, GaAs is more susceptible to two-photon absorption, Kerr effect, and thermal dispersion because the corresponding coefficients are much larger. 23 Combined with a high energy density localized in the high-Q microdisk, these effects would result in the observed power-induced behaviors. Of special interest is the narrowest spectral feature obtained at the lowest laser power. The transmission spectrum is analyzed in Figs. 2͑b͒ and 2͑c͒ . To obtain the Q factors, we have performed a fit with two Lorentzians related to individual WGMs, as well as a sinusoidal function related to distinct noise from the instability of our measurement system. Figure 2͑b͒ shows the experimental data with a fitted curve that is obtained by the superposition of three traces in Fig. 2͑c͒ . The linewidths are 6 pm for WGM1 and 5 pm for WGM2 with a splitting of about 7 pm. The linewidth of 5 pm corresponds to a loaded Q factor of as high as 3 ϫ 10 5 . This doublet structure is believed to be due to splitting of the degenerate clockwise and counterclockwise modes. 24, 25 For our microdisks, fabrication imperfections would be responsible for this splitting. It is noteworthy to consider the spectral splitting in terms of a difference in effective optical path lengths for individual WGMs. For the 6 m sized disk at the wavelength of 1.55 m, the observed splitting of 7 pm corresponds to a difference in effective optical path lengths of about 1 Å.
The Q factor of ϳ10 5 corresponds to a photon lifetime of ϳ100 ps for the WGM. Therefore, a ͑positive͒ group delay of this order of magnitude can be expected. However, the measured group delay strongly deviates from the reference group delay. Our experiments first measure a reference group delay ͑GD ref ͒ as a function of wavelength through the tapered fiber without coupling to a microdisk. Then, in a similar manner, we obtain the group delay GD WGM through the tapered fiber coupled to a microdisk. We examined two microdisks whose WGMs are splitted by 10 Fig. 3͑b͒ . The general trend of GD WGM is similar to the first case. The chromatic dispersion, given by the derivative of GD WGM with respect to the wavelength, is as high as 8 ns/ nm at the FWHM wavelengths of WGMs. This opens the possibility of tuning the group delay by changing the splitting. The spectral bandwidth of different group delays can also be tuned by tailoring the WGM splitting or using an array of microcavities.
To understand the origin of this large GD WGM variation, we consider the optical phase shift i ͑͒, which is given by the argument of a transfer function F i ͑͒, i.e., ЄF i ͑͒, for a WGM with an angular frequency of i . Based on coupledmode theory, 5 the F i ͑͒ and the corresponding i ͑͒ can be written by
where i is the index ͑1 or 2͒, t i is the round-trip propagation   FIG. 2 . ͑Color online͒ ͑a͒ Relative transmission through a tapered optical fiber as a function of the laser power when the fiber is positioned about 100 nm from the microdisk. ͑b͒ The normalized transmission spectrum near the resonant wavelengths of whispering-gallery modes ͑WGMs͒, with a fitted curve that is given by the superposition of two Lorentzian curves and a sinusoidal trace shown in ͑c͒.
time, and ␥ i and i are the dimensionless parameters corresponding to the round-trip loss rate and the power coupling rate, respectively. In our case, we assume that the overall transfer function is given by the linear combination of two transfer functions at the doublet WGM frequencies of 1 and 2 , i.e., F͑͒ = F 1 ͑͒ + F 2 ͑͒. Then we can find that the total phase shift is given by ͑͒ = ͓ 1 ͑͒ + 2 ͔͑͒ / 2. Under this assumption, we were able to fit the measured GD WGM using the derived function g ͑͒ =−d͑͒ / d with the parameters ͑ 1 , ␥ 1 , 1 ͒ = ͑1531.075 nm, 0.7, 0.175͒ and ͑ 2 , ␥ 2 , 2 ͒ = ͑1531.085 nm, 1.12, 0.245͒ for Fig. 3͑a͒ and ͑ 1 , ␥ 1 , 1 ͒ = ͑1530.320 nm, 0.740, 0.112͒ and ͑ 2 , ␥ 2 , 2 ͒ = ͑1530.340 nm, 0.705, 0.102͒ for Fig. 3͑b͒ , respectively. For the microdisk with a WGM splitting of 10 pm, with increasing wavelength, the phase makes a positive shift before the first WGM resonance and then abruptly makes a negative shift across the WGM. In the middle of the two WGM resonances, we see a narrow plateau, resulting in a group delay similar in magnitude to GD ref , to be followed by the dispersive behavior across the second WGM. The group delay then becomes similar to GD ref away from the second WGM. For the microdisk with a WGM splitting of 20 pm, we can see a series of more pronounced dispersive phase shifts.
In summary, we have demonstrated dispersive phase shifts by evanescent light coupling between a tapered optical fiber and high-Q microdisks. The dispersive behavior is present in the linear optical waveguide-cavity system and in the "undercoupled regime," 7 i.e., ␥ Ͼ , which means high waveguide throughput. Along with applications for group delay control, this dispersive phase shift will be useful in the regime of single photons. This effect allows modification of the optical phase and the tunneling time of the single photon stream through the waveguide-cavity system. From the perspective of single QD cavity quantum electrodynamics, the presented results suggest that a single QD will interact differently with clockwise propagating and counter clockwise propagating WGMs in terms of its phase. The sensitivity of the dispersive phase response to details of the waveguideresonator interactions should provide an excellent tool for the further understanding of such systems. FIG. 3 . ͑Color online͒ Group delays and corresponding optical phases for 6 m disks with different WGM splittings. The high-Q WGMs are splited by 10 pm for ͑a͒ and ͑c͒ and 20 pm for ͑b͒ and ͑d͒, respectively. The experimental group delay spectra are compared with the theoretical fitting curves in ͑a͒ and ͑b͒, where the dotted lines are the reference group delay. The theoretical curves of phase shifts near the WGM resonances are presented along with the transmission spectra in ͑c͒ and ͑d͒.
